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Abstract 
 
The mineral peisleyite has been studied using a combination of electron microscopy 
and vibrational spectroscopy. SEM photomicrographs reveal that the peisleyite 
morphology consists of an array of small needle like crystals of around 1 µm in length 
with a thickness of less than 0.1 µm. Raman spectroscopy in the hydroxyl stretching 
region shows an intense band at 3506 cm-1 assigned to the symmetric stretching mode 
of the OH units. Four bands are observed at 3564, 3404, 3250 and 3135 cm-1 in the 
infrared spectrum. These wavenumbers enable an estimation of the hydrogen bond 
distances 3.052(5), 2.801(0), 2.705(6) and 2.683(6) Å. Two intense Raman bands are 
observed at 1023 and 989 cm-1 and are assigned to the SO4 and PO4 symmetric 
stretching modes. Other bands are observed at 1356, 1252, 1235, 1152, 1128, 1098 
and 1067 cm-1. The bands at 1067 is attributed to AlOH deformation vibrations. 
Bands in the low wavenumber region are assigned to the ν4 and ν2 out of plane 
bending modes of the SO4 and PO4 units. Raman spectroscopy is a useful tool in 
determining the vibrational spectroscopy of mixed hydrated multianion minerals such 
as peisleyite. Information on such a mineral would be difficult to obtain by other 
means. 
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Introduction 
 
 Peisleyite is an interesting hydrated multianion mineral with the formula 
Na3Al16(SO4)2(PO4)10(OH)17•20H2O and was described from Tom’s phosphate 
quarry, South Australia [1, 2]. Peisleyite contains both sulphate and phosphate anions 
and therefore the presence of these anions should be observed using vibrational 
spectroscopy. A good starting point to study the position of the expected bands is to 
observe where the bands occur in aqueous solutions and then to observe the position 
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of the bands resulting from the vibrational spectroscopy of minerals containing the 
individual anions. 
 
In aqueous systems, the sulphate anion is of Td symmetry and has symmetric 
stretching mode (ν1) at 981 cm-1, the antisymmetric stretching mode (ν3) at 1104 cm-1, 
the symmetric bending mode (ν2) at 451 cm-1 and the ν4 mode at 613 cm-1 [3, 4]. The 
Raman spectrum of the mineral chalcanthite shows a single symmetric stretching 
mode at 984.7 cm-1. Two ν2 modes are observed at 463 and 445 cm-1 and three ν3 
modes at 1173, 1146 and 1100 cm-1. The ν4 mode is observed as a single band at 610 
cm-1. In aqueous systems, Raman spectra of phosphate oxyanions show a symmetric 
stretching mode (ν1) at 938 cm-1, the antisymmetric stretching mode (ν3) at 1017 cm-1, 
the symmetric bending mode (ν2) at 420 cm-1 and the ν4 mode at 567 cm-1 [5-7]. The 
Raman spectroscopy of some phosphate minerals have been studied [5, 6, 8]. These 
results serve to show the positions of the bands which may be assigned to sulphate 
and phosphate. The powder refinements of peisleyite may not be an accurate 
representation of the structure, however based on the type description the number of 
formula units in the crystal structure two. Anthony et al. do report the structure of 
peisleyite to be monoclinic with the space group undetermined [9]. Current techniques 
such as synchrotron radiation and new computation Reitveld software may assist in 
the determination of the structure of peisleyite.  
 
This work serves to show that Raman spectroscopy can be readily used to 
determine sulphate and phosphate in minerals as well as water and hydroxyl units.  As 
part of on-going studies of the vibrational spectroscopy of minerals, particularly 
secondary minerals, we report the Raman and infrared spectra of peisleyite. Raman 
spectroscopy may assist in its structural determination. 
 
 
Occurrence 
 
Peisleyite has only been recorded from Tom’s phosphate quarry (34° 21' S, 
138° 55' E), which is located approximately 8 km ESE of the town of Kapunda, in the 
Mt Lofty Ranges, South Australia [2, 9] (Figure 1). Here peisleyite occurs as brittle, 
white, chalky material which is commonly massive. The sample of peisleyite was 
obtained from a mineral sample from Museum Victoria and is registered number 
M35630. Other samples including M45908 and M40338 were used.   
 
Toms phosphate quarry occurs in a localised phosphate concentration at the 
base of the Brighton (Upper Precambrian) limestone [2]. Several other phosphate 
mines also have exploited this concentration namely the St Kitts and St Johns 
phosphate quarries SE of Kapunda and the Moculta [10, 11] and Penrice phosphate 
deposits (Mills, 2003) N and NE of Angaston. Typical assays of the phosphate rock 
determined at C.S.I.R. (CSIRO) contained at least 37 % Ca3(PO4)2, 6 % Fe2O3 and 2 
% Al2O5 [12]. At Toms, extensive weathering has taken place, acting as a reservoir of 
P, Fe and Al for secondary mineral phases.  
 
 
Mineralogy 
  
The mineralogy of Tom’s phosphate quarry has not been described in detail, 
whilst various publications have mentioned occurrences of various species. The main 
phosphate minerals that occur at the quarry are: apatite (largely hydroxylapatite), 
wavellite, minyulite, fluellite, cacoxenite, leucophosphite [2, 13] and perhamite 
[11].Variscite, strengite, dufrénite, crandallite, kingite and cyrilovite have also been 
recorded from the quarry, as specimens exist in the Museum of Victoria collections. 
Other minerals associated with these phosphates include: Quartz, jasper and massive 
goethite. 
 
 
Experimental 
Mineral 
 
Powder X-ray diffraction using a Phillips PW1830 diffractometer was first 
used in this study by the authors to confirm mineral purity and to eliminate 
speculation of peisleyite as mixture of two minerals (Figure 2). Examination of the 
pattern (taken between 5 and 140º 2θ) shows some peak broadening at higher angles 
and peak spitting making analyses of the power pattern by Reitveld methods virtually 
impossible. No indication of peisleyite being a mixture of two or more different 
minerals was observed. Peisleyite was determined as monoclinic with a = 13.31, b = 
12.62 and c = 23.15 Å [2] but due to the nature of the material no single crystal X-ray 
diffraction studies can be undertaken. With the availability of techniques such as 
synchrotron X-ray diffraction and high resolution transmission electron microscopy 
(HRTEM) becoming more widely accessible, the possibility of solving the peisleyite 
structure may become more feasible.  
 
An attempt was made by the authors to gain information on crystallite size 
using the program TOPAS [14], with results indicting the crystallite size of peisleyite 
samples M45908 and M40338 was less than 10 µm.  
 
 
Raman microprobe spectroscopy 
 
Samples of peisleyite from the Museum Victoria collection (M45908 and 
M40338) were placed and orientated on the stage of an Olympus BHSM microscope, 
equipped with 10x and 50x objective lenses, as part of a Renishaw 1000 Raman 
microscope system. This system also includes a monochromator, filter system and a 
Charge Coupled Device (CCD). Raman spectra were excited by a HeNe laser (633 
nm) at a resolution of 2 cm-1 in the range between 100 and 4000 cm-1. Repeated 
acquisition using the highest magnification was accumulated to improve the signal to 
noise ratio. Spectra were calibrated using the 520.5 cm-1 line of a silicon wafer. In 
order to ensure that the correct spectra were obtained, the incident excitation radiation 
was scrambled.  Previous studies by the authors provide an in depth account of the 
experimental technique [4, 5, 15-18]. Spectral manipulation such as baseline 
adjustment, smoothing and normalisation was performed using the GRAMS® 
software package (Galactic Industries Corporation, Salem, NH, USA).  
 
 
Infrared absorption spectroscopy 
 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer 
with a smart endurance single bounce diamond ATR cell. Spectra over the 4000−525 
cm-1 range were obtained by the co-addition of 64 scans with a resolution of 4 cm-1 
and a mirror velocity of 0.6329 cm/s.  
 
Band component analysis was undertaken using the Jandel ‘Peakfit’ software 
package, which enabled the type of fitting function to be selected and allows specific 
parameters to be fixed or varied accordingly. Band fitting was done using a Gauss-
Lorentz cross-product function with the minimum number of component bands used 
for the fitting process. The Gauss-Lorentz ratio was maintained at values greater than 
0.7 and fitting was undertaken until reproducible results were obtained with squared 
correlations of R2 greater than 0.995. 
 
Results and discussion 
 
Electron microscopy 
 
An FEI Quanta 200 scanning electron microscope (SEM) was used to study 
the peisleyite specimens. The SEM is fitted with an EDAX thin-window X-ray 
detector and elemental analyses were carried out at 25 kV with a 10 mm working 
distance. SEM photomicrographs reveal that the peisleyite morphology consists of an 
array of small needle-like crystals of around 1 µm in length with a thickness of less 
than 0.1 µm (Figure 3), confirming the results obtained from the TOPAS program. 
EDAX analyses (Figure 4) show that peisleyite contains Na, Al, P and S with a trace 
of Ca. The ratio of P:S is 10:1, whilst the ratio of Na:Al is almost 3:16. This gives an 
approximate formula close to (Na,Ca)3Al16(SO4)(PO4)10(OH)17•20H2O similar to that 
reported by Pilkington et al. (1982). 
  
 
Raman spectroscopy 
 
 The mineral peisleyite contains four vibrational spectroscopically distinct 
units, namely phosphate, sulphate and hydroxyl units as well as water. Each one of 
these species has its own characteristic spectrum which is generally separate from the 
spectrum of other units.  Importantly the presence of 16 atom units of Al coupled to 
17 units of OH means that the vibrations of AlOH units must be taken into account. 
Further, there may be site disordering between the phosphate and sulphate units. It is 
not known whether the structure of peisleyite is layered or chained or indeed 3D [19]. 
Little crystallographic data exists on similar hydrated alumino phosphate–sulphates 
which tend to have similar morphologies. Sanjuanite, Al2(PO4)(SO4)(OH)•9H2O [20] 
has a reported triclinic structure with a= 11.34 b=9.018 and c=7.376 Å [21]. Similarly 
kribergite, Al5(PO4)3(SO4)(OH)4•4H2O, also has a reported triclinic cell of a=18.126 
b=13.519 and c=7.500 Å [21]. No data on the coordination of the PO4 and SO4 
tetrahedra is known. A detailed investigation into these minerals is required.  
  
The Raman and infrared spectra of the hydroxyl stretching region is shown in Figure 
5. This region includes the vibrational spectrum of the hydroxyl units and the water 
units. The Raman spectrum shows an intense band at 3506 cm-1 which is assigned to 
the symmetric stretching mode of the hydroxyl units 
[Na3Al16(SO4)(PO4)10(OH)17•20H2O]. Water HOH stretching vibrations will occur at 
lower wavenumbers than that of the hydroxyl unit and are observed at 3444, 3229 and 
3082 cm-1. These bands are attributed to the water stretching vibrations 
[Na3Al16(SO4)(PO4)10(OH)17•20H2O]. These bands will be significantly more intense 
in the infrared spectrum and are observed as the bands 3564, 3404, 3250 and 3135 
cm-1. The first band is the equivalent of the 3506 cm-1 Raman band, and is assigned to 
the antisymmetric stretching mode of the OH units Ref and comparison). The latter 
three are assigned to the stretching modes of water. 
 
 Hydrogen plays an extremely important role in the structure and chemistry of 
oxysalt minerals such as for mixed phosphate sulphates like peisleyite [19]. The 
presence of water adds to the stability of the oxysalt [22]. For any crystal structure the 
structural unit may be defined as the strongly bonded part of the unit. Structural units 
are linked together by interstitial species such as univalent and divalent cations and by 
water groups that are involved in much weaker bonding. Studies have shown a strong 
correlation between OH stretching frequencies and both the O…O bond distances and 
the H…O hydrogen bond distances [23-26]. The elegant work of Libowitzky (1999) 
showed that a regression function can be employed relating the above correlations 
with regression coefficients better than 0.96 [27]. The function is ν1 = 
1321.0
)(
109)3043592(
OOd −−
×−  cm-1. Two types of OH units are identified in the structure 
and the known hydrogen bond distances used to predict the hydroxyl stretching 
frequencies. Thus if we calculate the hydrogen bond distances using the Libowitzky 
type formula, the 3564 cm-1 band provide a hydrogen bond distance of 3.052(5) Å, 
3404 cm-1 gives 2.801(0) Å, 3205 cm-1 gives 2.705(6) Å, and 3135 cm-1 2.683(6) Å. 
The spectrum of peisleyite may be divided into two groups of OH stretching 
wavenumbers: namely 3300−3700 cm-1 and 2900−3300 cm-1. This distinction 
suggests that the strength of the hydrogen bonds as measured by the hydrogen bond 
distances can also be divided into two groups. An arbitrary cut-off point may be 2.74 
Å based upon the wavenumber 3300 cm-1. The hydrogen bond distances 3.052(5) and 
2.801(0) Å may be described as weak hydrogen bonding and the bond distances of 
2.705(6) and 2.683(6) Å as stronger hydrogen bonds (Figure 6). Thus by using the 
position of the bands in the infrared spectrum, an estimate of the hydrogen bond 
distances can be made. Such values are difficult to obtain from single crystal X-ray 
diffraction data. Hydrogen bond distances can be obtained from neutron diffraction 
data but such studies are rare.  
 
Confirmation of strong hydrogen bonds in peisleyite can be found by 
observing the position of the HOH deformation mode. The region from 1600−1750 
cm-1 the hydroxyl deformation modes of water are found, which is clear of all other 
vibrational modes. As may be observed above, minerals containing physically 
adsorbed water give strong infrared bands at 3450 cm-1, the water hydroxyl stretching 
vibration, and at ~ 1630 cm-1, the water bending vibrations (e.g. mineral and Ref.). 
For monomeric non-hydrogen bonded water as occurs in the vapour phase, these 
bands are found at 3755 and 1595 cm-1, whilst liquid water bands occur at 3455 and 
1645 cm-1 (Ref.). For water molecules in ice, the bands occur at 3255 and 1655 cm-1. 
When water molecules are very tightly bound to the mineral surface as may occur 
with peisleyite, then bands occur in the 3200−3250 cm-1 region. What is being 
distinguished here is the formation of strong and weak hydrogen bonds. The hydroxyl 
stretching modes of weak hydrogen bonds occur in the 3580−3500 cm-1 region and 
the hydroxyl stretching modes of strong hydrogen bonds occurs below 3420 cm-1. 
When the water is coordinated to the cation in the clays as occurs in certain minerals, 
then the water OH stretching frequency occurs at 3220 cm-1 (Ref.). A simple 
observation can be made that as the water OH stretching frequency decreases then the 
HOH bending frequency increases. The 3220 cm-1 band corresponds to an ice-like 
structure with O-H…O bond distances of 2.77 Å. Thus the water hydroxyl stretching 
and the water HOH bending 1610 cm-1 frequencies provide a measure of the strength 
of the bonding of the water molecules. Likewise the position of the water bending 
vibration also provides a measure of this strength of water hydrogen bonding. Bands 
that occur at frequencies above 1650 cm-1 are indicative of coordinated water and 
chemically bonded water. Bands that occur below 1630 cm-1 are indicative of water 
molecules that are not as tightly bound (Ref.). In this case the hydrogen bonding is 
weaker as the frequency decreases. In the infrared spectrum of peisleyite a strong 
band at 1648 cm-1; thus indicating strong hydrogen bonding.  
 
The infrared and Raman spectra of the 800−1400 cm-1 region are shown in 
Figure 7. Raman bands are observed at 1356, 1252, 1235, 1152, 1128, 1098, 1067, 
1023 and 989 cm-1. The relative intensity of the latter two bands is 6.1:53.6 in terms 
of relative percentages. One possible attribution of these bands is that the first band is 
the SO4 symmetric stretching vibration and the second band is the PO4 symmetric 
stretching mode (also seen in mineral, Ref.). The bands at 1067 cm-1 may be 
attributed to the presence of AlOH deformation units. This exemplifies the difficulty 
of assigning bands as the vibrations of the AlOH units may overlap with those of the 
SO4 and PO4 and even linked SO4-PO4 units. The other bands (1235 cm-1) and (1152, 
1128 and 1098 cm-1) are assigned to the antisymmetric stretching modes of the PO4 
and SO4 units. A number of bands are found in the infrared spectrum. Two bands are 
found at 906 and 820 cm-1 and are assigned to the water librational modes. Three 
bands are observed at 1086, 1074 and 1006 cm-1. These bands are the equivalent of 
the antisymmetric stretching modes observed in the Raman spectrum (e.g. mineral, 
Ref.). 
 
The low wavenumber region of the infrared and Raman spectrum of peisleyite 
are shown in Figure 8. Bands are observed at 636, 545, 425, 406, 339, 313, 275 and 
238 cm-1. The assignment of these bands is the ν4 out of plane bending mode of the 
SO4 units, the ν4 out of plane bending mode of the PO4 units, ν2 out of plane bending 
mode of the SO4 units, the ν2 out of plane bending mode of the PO4 units, and the 
remainder to lattice modes (WHICH BANDS ARE WHICH RAY?). In the infrared 
spectrum, bands are observed at 636, 604 and 578 cm-1. These bands are attributed to 
ν4 out of plane bending mode of the SO4 units and the ν4 out of plane bending mode of 
the PO4 units.  
 
 
Conclusions 
  
 Raman spectroscopy is most useful in assisting with the determination of 
structures of minerals which have not been able to be determined by XRD techniques.  
Raman spectroscopy is also a useful tool in determining the vibrational spectroscopy 
of mixed hydrated multianion minerals, with peisleyite a relevant example. This 
technique has the advantages of obtaining the spectra of the minerals with no sample 
preparation; the minerals can be measured in situ on the host matrix; and spectra 
below 400 cm-1 can be readily measured.  
 
The distribution of hydrogen bonds distances in peisleyite has been made with a set of 
strong and weak bonds being observed. These bonds have lengths between 3.052 and 
2.653 Å. The Raman and infrared analyses have also enabled determinations of Oh 
and HOH stretching vibrations and deformation modes. 
 
Determination of the stretching modes as well as out of plane bending modes of the 
PO4 and SO4 anions have been made and may assist in future studies of Al-bearing 
mixed anion minerals.   
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